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1
THERMAL AND POWER MANAGEMENT

This application claims the benefit of U.S. Provisional
Application No. 61/919,543 filed Dec. 20, 2013.

TECHNICAL FIELD

This disclosure relates to techniques for rendering video
data with a computing device.

BACKGROUND

Mobile devices may take the form of mobile telephones,
tablet computers, laptop computers, portable computers with
wireless communication cards, personal digital assistants
(PDAs), digital cameras, video gaming devices, portable
media players, flash memory devices with wireless commu-
nication capabilities, wireless communication devices
including so-called “smart” phones and “smart” pads or tab-
lets, e-readers, or other of a wide variety of other types of
portable devices. Mobile devices are becoming increasingly
powerful with the addition of high-power processors, the
capability to process media content, and the ability to interact
with networks in the cloud. The advancements in processing
power and capabilities of devices may also cause the devices
to consume power and/or generate heat.

SUMMARY

The techniques of this disclosure include adjusting one or
more operating parameters of an electronic device in response
to an estimation of a user experience. For example, an elec-
tronic device may consume energy and produce heat during
operation. According to aspects of this disclosure, a device
may determine a user experience metric that provides an
estimation of a user experience. The device may tactically
adjust one or more operating parameters based on the user
experience metric to maintain the device operating below a
target power usage limit or temperature limit, but that mini-
mizes the impact to the user experience.

In an example, a method includes determining, by an elec-
tronic device, a user experience metric associated with con-
tent captured by at least one camera of the electronic device,
and adjusting at least one operating parameter of the device to
produce an operating characteristic target, wherein the adjust-
ment is based on an estimated change to the determined user
experience metric due to the adjustment.

In another example, an electronic device includes at least
one camera, and one or more processors configured to deter-
mine a user experience metric associated with content cap-
tured by the at least one camera of the electronic device, and
to adjust at least one operating parameter of the device to
produce an operating characteristic target, wherein the adjust-
ment is based on an estimated change to the determined user
experience metric due to the adjustment.

In another example, an apparatus includes means for deter-
mining a user experience metric associated with content cap-
tured by at least one camera of an electronic device, and
means for adjusting at least one operating parameter of the
device to produce an operating characteristic target, wherein
the adjustment is based on an estimated change to the deter-
mined user experience metric due to the adjustment.

In another example, a non-transitory computer-readable
medium has instructions stored thereon that, when executed,
cause one or more processors to determine a user experience
metric associated with content captured by at least one cam-
era of an electronic device, and adjust at least one operating
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parameter of the device to produce an operating characteristic
target, wherein the adjustment is based on an estimated
change to the determined user experience metric due to the
adjustment.

The details of one or more aspects of the disclosure are set
forth in the accompanying drawings and the description
below. Other features, objects, and advantages of the tech-
niques described in this disclosure will be apparent from the
description and drawings, and from the claims.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates example devices that may implement
techniques of this disclosure.

FIG. 2 is a block diagram showing an example of a device
that may be configured to implement the techniques of this
disclosure

FIG. 3 illustrates an example of a management system of a
device that may implement techniques of this disclosure.

FIGS. 4A and 4B illustrate an example of a relationship
between power consumption, a frame rate, and a user expe-
rience.

FIGS. 5A and 5B illustrate an example relationship
between power consumption, resolution, and user experi-
ence.

FIG. 6 illustrates example models of a user experience for
a variety of operating parameters.

FIG. 7 is a flowchart that illustrates an example process for
adjusting an operating parameter of a device based on a user
experience metric, according to aspects of this disclosure.

FIG. 8 is a flowchart that illustrates another example pro-
cess for adjusting an operating parameter of a device based on
a user experience metric, according to aspects of this disclo-
sure.

DETAILED DESCRIPTION

The techniques of this disclosure include adjusting one or
more operating parameters of an electronic device in response
to an estimation of a user experience. For example, an elec-
tronic device may consume energy and produce heat during
operation. According to aspects of this disclosure, a device
may determine a user experience metric that provides an
estimation of a user experience. The device may tactically
adjust one or more operating parameters based on the user
experience metric to maintain the device operating below a
target power usage limit or temperature limit, while minimiz-
ing the impact to the user experience.

FIG. 1 illustrates example devices that may implement
techniques of this disclosure. In general, the techniques of
this disclosure may be implemented with devices having at
least one image sensor and image processor (which may be
configured for high resolution pictures and/or video) and a
power and/or thermal limit. For example, device 20A
includes a front image sensor 22A, a rear image sensor 24 A,
a display 26A and a picture-in-picture (PIP) window 28A. In
addition, device 20B includes a front image sensor 22B, a rear
image sensor 24B, a display 26B, a first PIP window 28B and
a second PIP window 30B.

Devices 20A and 20B may comprise any of a wide range of
devices including, for example, telephone handsets such as
so-called “smart” phones, tablet computers, cameras, note-
book (i.e., laptop) computers, digital media players, video
gaming consoles, video streaming devices, or the like. While
devices 20A and 20B may be portable devices, the techniques
of this disclosure are not limited in this way. For example,
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according to other aspects, the techniques may be used with
desktop computers, set-top boxes, televisions, or other
devices.

Front image sensors 22A and 22B and rear image sensors
24A and 24B may be configured to capture images. For
example, front image sensors 22A and 22B and rear image
sensors 24A and 24B may include any components for con-
verting an optical image into an electronic signal. Example
image sensors include charge-coupled devices (CCD),
complementary  metal-oxide-semiconductor  (CMOS),
N-type metal-oxide-semiconductor (NMOS), or the like. In
some instances, as described in greater detail below, front
image sensors 22A and 22B and rear image sensors 24A and
24B may be included in one or more camera systems or
sub-systems.

Displays 26 A and 26B may include a liquid crystal display
(LCD), a light emitting diode (LED), an organic light emit-
ting diode (OLED), or any other type of device that can
generate output to a user. In some instances, displays 26 A and
26B may be configured as touch-sensitive and/or presence-
sensitive displays.

In the example shown in FIG. 1, device 20A includes PIP
window 28A and device 20B includes PIP windows 28B and
30B. In some examples, the PIP windows may provide areas
for displaying content independently from other content
being displayed at displays 26A and 26B. For example,
devices 20A and/or 20B may be configured to perform pic-
ture-in-picture video recording. In this example, device 20A
may record images being displayed at display 26 A, while PIP
window 28A may display an image of a user capturing the
recorded images. In another example, devices 20A and/or
20B may perform video conferencing in conjunction with
gaming. For example, device 20B may output a video game to
display 26B while also displaying images of a user playing
the video game in PIP window 28B and an opponent or
companion of the user (also playing the video game) in PIP
window 30B. Other examples are also possible.

In some instances, devices 20A and 20B may approach or
exceed operating parameters. As an example, as devices 20A
and 20B perform an increasing number of functions (e.g.,
capturing video, rendering graphics, encoding/decoding
video, displaying video, or the like), the power consumed by
devices 20A and 20B may rise. In addition, in some instances,
one or more components of devices 20A and 20B (e.g., a
central processing unit (CPU), graphics processing unit
(GPU), a camera sub-system, displays 26A and 26B, or the
like, as described in greater detail, for example, with respect
to FIG. 2) may generate heat as a byproduct. Some example
functions include wide quad high definition (WQHD) pic-
ture-in-picture (PIP) video recording, ultra high definition
(UHD) video recording, gaming and video conferencing,
high-resolution three-dimensional (3D) graphics rendering
with video conferencing, or the like.

Devices 20A and 20B may approach or exceed operating
parameters such as a power budget (e.g., 2 watts) or a tem-
perature limit. In some instances, a camera sub-system
including, for example, any combination of one or more
image processors, front image sensors 22A and 22B and rear
image sensors 24 A and 24B, and other components associ-
ated with capturing images, may contribute to the consump-
tion of power and/or the generation of heat. For example,
enhancements in quality, performance, and/or concurrency
may result in a higher power and/or temperature cost.

The techniques of this disclosure include adjusting one or
more operating parameters of an electronic device, such as
device 20A or device 20B, in response to an estimation of a
user experience. For example, according to aspects of this
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disclosure, devices 20A or 20B may determine a user expe-
rience metric that provides an estimation of a user experience.
Devices 20A or 20B may adjust one or more operating param-
eters based on the user experience metric to maintain the
device operating below a target power usage limit or tempera-
ture limit. For example, according to aspects of this disclo-
sure, devices 20A or 20B may utilize the user experience
metric to adjust one or more operating parameters in a way
that minimizes the impact to the user experience yet satisfies
the target power usage limit or temperature limit.

FIG. 2 is a block diagram showing one example of a device
40 that may be configured to implement the techniques of this
disclosure. In some examples, one or more components
shown and described with respect to device 40 may be incor-
porated in device 20A and/or device 20B (FIG. 1).

In the example shown in FIG. 2, device 40 includes one or
more processors 44, memory 48 having a frame buffer 233
and storing one or more applications 50, display processor 54,
local display 56, audio processor 60, speakers 62, transport
module 66, wireless modem 68, input devices 72, camera
system(s) 76, and thermal/power manager 80. Other
examples may include more or fewer components than those
shown in FIG. 2. In addition, while certain components are
described separately for purposes of discussion, it should be
understood that some components shown and described with
respect to FIG. 2 may be highly integrated or combined to
form a single component.

Each of components 44, 48, 54, 60, 66, 72, 76 and 80 may
be interconnected (physically, communicatively, and/or
operatively) for inter-component communications via com-
munication channels 82. In some examples, communication
channels 82 may include a system bus, network connection,
inter process communication data structure, or any other
channel for communicating data.

One or more processors 44 may be capable of processing
instructions stored in storage device memory 48. One or more
of'processors 44 may form a central processing unit (CPU) for
device 40. Processors 44 may include, for example, one or
more microprocessors, DSPs, ASICs, FPGAs, discrete logic,
or any combinations thereof. In some examples, processors
104 may include fixed function logic and/or programmable
logic, and may execute software and/or firmware. When the
techniques are implemented partially in software, a device
may store instructions for the software in a suitable, non-
transitory computer-readable medium and execute the
instructions in hardware using one or more processors to
perform the techniques of this disclosure.

In some examples, processors 44 may be configured to
encode and/or decode A/V data for transport, storage, and
display. For example, one or more of processors 44 may
operate as a video encoder or a video decoder, either of which
may be integrated as part of a combined video encoder/de-
coder (codec). In some instances, the codec may operate
according to a video compression standard, such as the ITU-T
H.264 standard, alternatively referred to as MPEG-4, Part 10,
Advanced Video Coding (AVC), or extensions of such stan-
dards. Other examples of video compression standards
include MPEG-2 and ITU-T H.263 and the High Efficiency
Video Coding (HEVC) standard.

With respect to HEVC, a video picture may be divided into
a sequence of treeblocks or largest coding units (LCU) that
include both luma and chroma samples. Syntax data within a
bitstream may define a size for the LCU, which is a largest
coding unit in terms of the number of pixels. A slice includes
a number of consecutive treeblocks in coding order. A video
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picture may be partitioned into one or more slices. Each
treeblock may be split into coding units (CUs) according to a
quadtree.

A CU has a similar purpose as a macroblock of the H.264
standard, except that a CU does not have a size distinction. A
CU includes a coding node and prediction units (PUs) and
transform units (TUs) associated with the coding node. In
general, a PU represents a spatial area corresponding to all or
a portion of the corresponding CU, and may include data for
retrieving a reference sample for the PU.

For example, spatial or temporal prediction results in a
predictive block for a block to be coded. Residual data rep-
resents pixel differences between the original block to be
coded and the predictive block. An inter-coded block is coded
according to a motion vector that points to a block of refer-
ence samples forming the predictive block, and the residual
data indicating the difference between the coded block and
the predictive block. An intra-coded block is encoded accord-
ing to an intra-coding mode that indicates the manner in
which the block is predicted from spatially neighboring
samples and the residual data.

In HEVC, a PU includes data related to prediction. For
example, when the PU is intra-mode encoded, data for the PU
may be included in a residual quadtree (RQT), which may
include data describing an intra-prediction mode for a TU
corresponding to the PU. As another example, when the PU is
inter-mode encoded, the PU may include data defining one or
more motion vectors for the PU.

TUs may include coefficients in the transform domain fol-
lowing application of a transform, e.g., a discrete cosine
transform (DCT), an integer transform, a wavelet transform,
or a conceptually similar transform to residual video data.
The residual data may correspond to pixel differences
between pixels of the unencoded picture and prediction val-
ues corresponding to the PUs. Video encoder 20 may form the
TUs including the residual data for the CU, and then trans-
form the TUs to produce transform coefficients for the CU.

Following transformation, the codec may perform quanti-
zation of the transform coefficients. Quantization generally
refers to a process in which transform coefficients are quan-
tized to possibly reduce the amount of data used to represent
the coefficients, providing further compression. The quanti-
zation process may reduce the bit depth associated with some
or all of the coefficients. For example, an n-bit value may be
rounded down to an m-bit value during quantization, where n
is greater than m.

The codec may scan the transform coefficients, producing
a one-dimensional vector from the two-dimensional matrix
including the quantized transform coefficients. The scan may
be designed to place higher energy (and therefore lower fre-
quency) coefficients at the front of the array and to place
lower energy (and therefore higher frequency) coefficients at
the back of the array. After scanning the quantized transform
coefficients to form a one-dimensional vector, the codec may
entropy encode the one-dimensional vector. In instances in
which the codec is decoding video data, the codec may per-
form video decoding according to a process generally recip-
rocal to the process described above.

Although not shown in FIG. 2, in some aspects, the codec
may be provided along with an audio encoder and decoder.
Appropriate MUX-DEMUX units, or other hardware and
software, may also be provided to handle encoding of both
audio and video in a common data stream or separate data
streams. If applicable, MUX-DEMUX units may conform to
the ITU H.223 multiplexer protocol, or other protocols such
as the user datagram protocol (UDP).
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Memory 48 of FIG. 2 may comprise any of a wide variety
of volatile or non-volatile memory, including but not limited
to random access memory (RAM) such as synchronous
dynamic random access memory (SDRAM), read-only
memory (ROM), non-volatile random access memory
(NVRAM), electrically erasable programmable read-only
memory (EEPROM), magnetic random access memory
(MRAM), FLASH memory, and the like, Memory 48 may
comprise a computer-readable storage medium for storing
audio/video data, as well as other kinds of data.

In some examples, memory 48 may store applications 50
that are executed by processor 44 as part of performing the
various techniques described in this disclosure. Memory 48
may also store certain A/V data for presentation by device 40.
For example, memory 48 may store an entire A/V file, or may
comprise a smaller buffer that simply stores a portion of an
A/V file, e.g., streamed from another device or source. In any
event, memory 48 may buffer A/V data before the data is
presented by device 40.

In some examples, device 40 may locally process and
display A/V data. In particular, display processor 54 may
form a portion of a platform for processing video data to be
displayed on local display 56. In this regard, display proces-
sor 54 may include a codec (as described above with respect
to processors 44). Display 56 may include a liquid crystal
display (LCD), light emitting diode (LED), organic light
emitting diode (OLED), or any other type of device that can
generate intelligible output to a user. In addition, audio pro-
cessor 60 may process audio data for output on one or more
speakers 62.

Transport module 66 may process encoded AiV data for a
network transport. For example, encoded A/V data may be
processed by processors 44 and encapsulated by transport
module 66 into Network Access Layer (NAL) units for com-
munication across a network. The NAL units may be sent by
modem 68 to another device via a network connection. In this
regard, modem 68 may operate according to any number of
communication techniques including, e.g., orthogonal fre-
quency division multiplexing (OFDM) techniques, time divi-
sion multi access (TDMA), frequency division multi access
(FDMA), code division multi access (CDMA), or any com-
bination of OFDM, FDMA, TDMA and/or CDMA, WiFi,
Bluetooth, Ethernet, the IEEE 802.11 family of standards, or
any other wireless or wired communication technique. In
some instances, modem 68 of device 40 may receive encap-
sulated data packets, such as NAL units, and sends the encap-
sulated data units to transport unit 66 for decapsulation. For
instance, transport unit 66 may extract data packets from the
NAL units, and processors 44 can parse the data packets to
extract the user input commands.

One or more input devices 72 may be configured to receive
input from a user through tactile, audio, or video feedback.
Examples of input device 42 include a touch and/or presence
sensitive screen, a mouse, a keyboard, a voice responsive
system, a microphone or any other type of device for detect-
ing a command from a user.

Graphics processing unit (GPU) 74 represents one or more
dedicated processors for performing graphical operations.
That is, for example, GPU 74 may be a dedicated hardware
unit having fixed function and programmable components for
rendering graphics and executing GPU applications. GPU 74
may also include a DSP, a general purpose microprocessor, an
ASIC, an FPGA, or other equivalent integrated or discrete
logic circuitry. Although GPU 74 is illustrated as a separate
unitin the example of FIG. 2, in some examples, GPU 74 may
be integrated with one or more other processors 44 (such as a
CPU) into a single unit.
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Camera system 76 may include one or more image proces-
sors, one or more image sensors (e.g., CCD sensors, CMOS
sensors, NMOS sensors, or the like), as well as a number of
other components for capturing images. Camera system 76
may include one or more components for so-called camera
phones or video phones. In some examples, camera system 76
may support multiple image sensors (e.g., a front image sen-
sor and a rear image sensor of a camera phone or video
phone). The image streams generated by such image sensors
of camera system 76 may be processed by one or more image
processors. In some instances, camera system 76 may operate
in combination with GPU 74 to generate computer graphics-
based data as the source video, or a combination of live video,
archived video, and/or computer-generated video. The cap-
tured, pre-captured, or computer-generated video may be
encoded by a video encoder (described above).

Thermal/power manager 80 may manage one or more com-
ponents of device 40 to keep the one or more components
operating at or below one or more operating characteristic
targets. In an example, the operating characteristic target may
be athermal target (which also may be referred to as a thermal
limit or thermal threshold) indicative of an operating tem-
perature of device 40, such that adjusting the at least one
operating parameter of the device to produce the operating
characteristic target comprises adjusting the at least one oper-
ating parameter of the device to maintain a temperature of one
or more components of device 40 equal to or less than the
thermal target. In another example, the operating character-
istic target comprises a power target (which also may be
referred to as a power budget or power threshold) indicative of
an amount of power consumed by operating the device, such
that adjusting the at least one operating parameter of device
40 to produce the operating characteristic target comprises
adjusting the at least one operating parameter of device 40 to
maintain a power consumption of one or more components of
device 40 equal to or less than the power target.

As described in greater detail below, thermal/power man-
ager 80 may adjust one or more operating parameters of
device 40 based on a user experience metric. For example,
according to aspects of this disclosure, device 40 may utilize
the user experience metric to adjust one or more operating
parameters in a way that minimizes the impact to a user
experience, yet satisfies the operating characteristic target.

FIG. 3 illustrates an example a management system 100 of
a device that may implement techniques of this disclosure. In
the example of FIG. 3, the management system includes a
system level thermal engine 102, system hardware or a com-
bination of hardware and/or software 104, a camera system
106 having a frame rate scaling unit 108 and a resolution
scaling unit 110, a user experience model 112, a power model
114, and a thermal/power manager 116. As noted below, in
some instances, user experience model 112 and/or power
model 114 may be data stored to a memory defining models
for use by thermal/power manager 116 or another processor
of management system 100. In other examples, management
system 100 may include more or fewer components than
those shown in FIG. 3. In some examples, management sys-
tem 100 may be incorporated in device 20A, device 20B,
device 40, or any number of other electronic devices.

System level thermal engine 102 may be responsible for
maintaining a temperature of the device (or one or more
components the device) below a temperature threshold. In
some examples, system level thermal engine 102 may issue a
thermal mitigation request (e.g., a request to reduce the tem-
perature of one or more components of the device) and/or a
power budget limitation (e.g., a predetermined power con-
sumption limitation) to thermal/power manager 116 (thermal
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mitigation request or power budget limiting). System level
thermal engine 102 may also receive an acknowledgement, a
rejection, and/or a request for an increase to the power budget
from thermal/power manager 116.

System hardware (system HW) or a combination of hard-
ware and software 104 represent hardware or a combination
of hardware and software components of the device.
Examples of hardware and/or software 104 include hardware
and/or software for capturing or processing images (e.g., an
Auto-White Balancing (AWB) feature, an Auto Focus (AF)
feature, a face detection feature, an Image Sensor Processor
(ISP), face detection software, a codec, one or more filters for
image processing (such as a high pass filter), or the like.
Hardware and/or software 104 may, in some instances, pro-
vide information to thermal/power manager 116 such as
image context. Image context may include, as examples, data
indicating the presence of a face or skin, data indicating a
level of detail in captured images or video, data indicating
motion in captured images or video, data indicating bright-
ness of captured images or video, a distance of a camera to
content being captured, or the like.

In some examples, camera system 106 may be configured
similarly to camera system 76 of device 40 (FIG. 2). For
example, camera system 106 may include one or more image
processors, one or more image sensors (e.g., CCD sensors,
CMOS sensors, NMOS sensors, or the like), as well as a
number of other hardware or a combination of hardware and
software components for capturing images. In some
examples, camera system 106 may support multiple image
sensors (e.g., a front image sensor and a rear image sensor of
a camera phone or video phone). Such image sensors of
camera system 106, in some instances, may be physically
separate from other components of the device implementing
management system 100 (e.g., separate from a system on chip
(SOC) of the device). The image streams generated by such
image sensors of camera system 106 may be processed by one
or more image processors of camera system 106.

In the example of FIG. 3, camera system 106 also includes
frame rate scaling unit 108 and resolution scaling unit 110.
Frame rate scaling unit 108 may be operable to change the
frame rate of video being captured by camera system 106.
Resolution scaling unit 110 may be operable to change the
resolution of images captured by camera system 106. In some
examples, as described in greater detail below, frame scaling
unit 108 and resolution scaling unit 110 may receive com-
mands from thermal/power manager 116. For example, frame
scaling unit 108 may receive control commands from ther-
mal/power manager 116 that indicate a particular frame rate.
In addition, resolution scaling unit 110 may receive control
commands from thermal/power manager 116 that indicate a
particular resolution. In some instances, these control signals
may be used to override preexisting frame rate and/or reso-
Iution settings, e.g., set by another processor or control unit.

User experience model 112 may represent one example of
a model that provides an estimation of a perceived user expe-
rience. For example, user experience model 112 may provide
an empirical indication of the user experience when a user
views images or video captured by camera system 76. Insome
instances, user experience model 112 may generate a numeri-
cal indication of a relative user experience. In an example for
purposes of illustration, user experience model 112 may
return a numerical score in a predetermined range of values,
where the lowest score in the range represents the least
acceptable user experience and the highest score in the range
represents the best user experience. In some instances, the
highest score may be subject to the capabilities or limitations
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of the device and/or camera system 76 (e.g., some devices
may be capable of achieving a higher score than others).

In this way, user experience model 112 may provide an
estimation of the quality (or perceived quality) of images or
video being captured by camera system 106 and/or presented
atadisplay of the device (such as local display 56 of device 40
(FIG. 2)). For example, as described in greater detail below,
images or video captured with a relatively higher resolution
may result in a relatively higher result from user experience
model 112. Likewise, as another example, video captured at a
relatively higher frame rate (e.g., 60 frames per second (fps),
30 fps, 15 fps, or the like) may result in a relatively higher
score from user experience model.

In some examples, as described in greater detail below,
user experience model 112 may be configured to determine a
change in user experience resulting from changes to one or
more operating parameters of the device, such as one or more
operating parameters of camera system 106. For example,
user experience model 112 may be configured to determine an
anticipated increase or degradation to the user experience
resulting from a change to one or more operating parameters
of'the device. This change in user experience may be referred
to as a user experience model 112 delta, as described in
greater detail below.

As an example for purposes of illustration, user experience
model 112 may be configured to determine a change in the
user experience (e.g., a change in quality as perceived by a
user ofthe device) produced by changing a frame rate of video
captured by camera system 106. For example, increasing the
frame rate of camera system 106 may produce an increase in
the result of user experience model 112. In another example,
user experience model 112 may be configured to determine a
change in the user experience (e.g., a change in quality as
perceived by a user of the device) produced by changing a
resolution of video captured by camera system 106. In this
example, increasing the resolution of camera system 106 may
produce an increase in the result of user experience model
112.

In some examples, operating parameters associated with
components of the device may be referred to as “knobs.” For
example, a number of control “knobs” may be associated with
providing a particular user experience. In addition to the
frame rate scaling and resolution scaling knobs described
above, other knobs may include software functionality asso-
ciated with camera system 106 and/or hardware components
of'the device (as described in greater detail, for example, with
respect to Table 1 below).

In some examples, thermal/power manager 116 may deter-
mine user experience model 112 based on a vector of opera-
tion conditions and/or parameters. For example, an operating
parameter vector S may include a number of operating param-
eters including a frame rate of camera system 106, a resolu-
tion of camera system 106, and/or a number of other knobs,
such that the user experience model may be determined
according to the following equations:

S=[FPS,resolution,knobl,knob2, . . . knobN}

Ux=UxModel(S)

where S is a vector of operating parameters, UxX represents a
user experience result, and UxModel represents a user expe-
rience model that is applied to the vector of operating param-
eters S.

In instances in which camera system 106 includes more
than one image sensor generating more than one image
stream, thermal/power manager 116 may determine user
experience model 112 based on a vector of operating condi-
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tions and/or parameters for each of the image sensors. For
example, each image stream of camera system 106 may have
its own set of associated knobs, and each stream may be
separately controlled using the knobs. User experience model
112 may determine a single user experience estimate based on
all of the operating parameters associated with all of the
image streams.

In an example for purposes of illustration, assume that two
image sensors IS1 and IS2 of camera system 106 generate
respective image streams that are processed by camera sys-
tem 106. In this example, each image stream (e.g., a first
stream associated with IS1 and a second image stream asso-
ciated with IS2) are separately controlled with separate
knobs, as shown in the example vector S below:

S=[FPS for IS1,resolution for I51,knobl for I51,knob2
for IS1, . . . knobN for IS1,FPS for IS2,resolution
for IS2,knob1 for 752 knob?2 for IS2, . . . knobN
for IS2]

In addition, a single user experience model 112 may be
determined based on the parameters of vector S. In this
example, user experience Ux may be determined in the same
manner as described with respect to the equation above:

Ux=UxModel(S)

where S is the vector of operating parameters that includes
operating parameters for both image sensors IS1 and 1S2, Ux
represents a user experience result, and UxModel represents
a user experience model that is applied to the vector of oper-
ating parameters S.

Power model 114 may provide an indication of an amount
of power consumed by the device. For example, power model
114 may provide a numerical indication of an amount of
power that is used by one or more components of the device
(e.g., such as a CPU, GPU, camera system 106, or the like). In
some examples, as described in greater detail below, power
model 114 may be configured to determine a change in an
amount of power that will be consumed by the device result-
ing from changes to one or more operating parapmeters of the
device, such as one or more operating parameters of camera
system 106.

As an example for purposes of illustration, power model
114 may be configured to determine an amount of power
savings (or an increase in power), e.g., a decrease or increase
in the amount of power consumed by camera system 106
and/or device, produced by changing a frame rate of video
captured by camera system 106. For example, reducing the
frame rate of camera system 106 may result in a decline in the
amount of power consumed by camera system 106 and/or
other components of the device (e.g., a CPU, GPU, memory,
or the like). In another example, power model 114 may be
configured to determine an amount of power savings (or an
increase in power) produced by changing a resolution of
video captured by camera system 106. In this example,
decreasing the resolution of camera system 106 may result in
a decline in the amount of power consumed by camera system
106 and/or other components of the device (e.g.,a CPU, GPU,
memory, or the like).

While certain examples described herein are described
with respect to changes to camera system 106, it should be
understood that changing one or more operating parameters
of a particular component of the device, such as camera
system 106, may result in a cascading change that affects a
number of components of the device (e.g., a CPU, GPU,
memory, or the like). Accordingly, as merely one example,
reducing a frame rate associated with camera system 106 may
not only result in a decrease in an amount of power consumed
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by camera system 106, but also a decrease in the amount of
power consumed by other components of the device such as a
CPU and/or memory.

Power model 114 may also provide an indication of the
heat generated by the device. For example, typically, as a
device consumes more power, the amount of thermal energy
or heat created by the device rises. For example, as one or
more components of the device (such as a CPU, GPU, camera
system 106, or the like) draw more power, the amount of heat
that is generated by the one or more components as a byprod-
uct also increases. Accordingly, power model 114 may be
configured to provide an estimation of an amount of heat that
will be generated by components ofthe device upon changing
an operating characteristic of the components.

Thermal/power manager 116 may use the information
described above to adjust one or more operating parameters
of'the device, including camera system 106. For example, as
described in greater detail below, thermal/power manager
116 may adjust a frame rate of video captured by camera
system 106 by issuing a command to frame rate scaling unit
108, a resolution of video captured by camera system 106 by
issuing a command to resolution scaling unit 110, or a number
of other operating parameters by issuing a command to other
units of camera system 106 (represented by ellipse in the
example of FIG. 3).

Thermal/power manager 116 may adjust one or more con-
trol “knobs” to maintain a particular power budget and/or
thermal threshold. In addition to the frame rate scaling and
resolution scaling knobs described above, Table 1 (below)
includes a number of other knobs (or operating parameters)
that may be adjusted by thermal/power manager 116. In
instances in which camera system 106 includes more than one
image sensor and/or image processor, each image sensor
and/or image processor may have different parameter settings
for the set of knobs.

TABLE 1
Target
Func-
tion “Knob” Enablement  Notes
SW 3A Reduce Reducing granularity of stats
(Apps) control amount 3A  will reduce processor loading
stats contributing to lower power
processing
3A Reduce For SW control & stats, drop
control processing  frames for stats processing,
FPS thereby reducing processor
power
Add-on Turn-off Additional user selectable
features features features such as face detection,
during or flicker reduction, etc. and
thermal any other post-processing feature
mitigation for image quality enhancements
trigger can be selectively turned-off
for processor power reduction.
HW ISP Block Reduce ISP Continue the streaming front-
Processor offline block end of the ISP & sensor con-
FPS processor trol (@ native sensor rate,
reduction clock get savings from memory
traffic & core power
ISP Output rate  Stats & 3A required to run at
Streaming control via  sensor rate
Processor frame drops
rate control
ISP Stream- Drop frames Reduce power on bus, match

ing Processor  at output downstream FPS during
output control mitigation

ISP Module Turn-off hot  Identified “hot-modules”
Control modules can be selectively turned off to

save core power at the expense
of reduced functionality or
quality.

10

15

20

25

30

35

40

45

55

60

65

12
TABLE 1-continued
Target
Func-
tion “Knob” Enablement Notes
Clock Control ~ Run cores ISP Streaming Processor can run
adequately  slower even in turbo modes for
fast e.g.
Dual ISP (ISP Use lower When we have a single sensor
Streaming clocks with  processed, selectively use the
Processor) dual-ISP best topology to achieve lower
operation core power.
Sensor  Sensor rate Via Described in this disclosure.
control automatic
frame rate
control or

mode change

According to aspects of this disclosure, thermal/power
manager 116 may receive a thermal mitigation request (e.g.,
arequest to reduce the temperature of the device and/or one or
more components of the device) from system level thermal
engine 102. Thermal/power manager 116 may additionally or
alternatively receive a power budget limit (e.g., a power usage
threshold) indicating a power usage limit for components of
the device from system level thermal engine 102.

Thermal/power manager 116 may change one or more
operating parameters of components of the device (such as
camera system 106) to meet the received thermal target or
power budget. For example, thermal/power manager 116 may
adjust one or more operating parameters (such as a frame rate
or resolution of video captured by camera system 106 or a
variety of other “knobs”) of one or more components of the
device to meet the received thermal target or power budget.

In some examples, the operation of thermal/power man-
ager 116 may be influenced by user experience model 112
and/or power model 114. For example, as described in greater
detail below, thermal/power manager 116 may determine a
user experience metric associated with content captured by a
camera of a device. In some examples, the user experience
metric may include one or more results from user experience
model 112. In addition, thermal/power manager 116 may
adjust, based on an estimated change to the determined user
experience metric, at least one operating parameter of the
device to produce an operating characteristic target (e.g., a
thermal target or power budget).

According to aspects of this disclosure, thermal/power
manager 116 may adjust the operating parameters by select-
ing one or more operating parameters to minimize or at least
decrease the user experience (as determined using user expe-
rience model 112) relative to selecting other operating param-
eters. Additionally or alternatively, thermal/power manager
116 may adjust the operating parameters by selecting one or
more operating parameters to maximize or at least increase a
change in the operating parameters, thereby increasing or
potentially maximizing a change in power usage (as deter-
mined using power model 114) relative to selecting other
operating parameters.

In some examples, thermal/power manager 116 may deter-
mine an optimal operating parameter adjustment that results
in the smallest change in user experience (e.g., decrease in
user experience) and the largest change in power consump-
tion (e.g., decrease in operating power). In some examples, as
described in greater detail with respect to FIG. 7, the optimal
operating parameter adjustment (identifying the one or more
operating parameters for change and an amount for adjust-
ment) may be determined based on a ratio of an estimated
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change in the determined user experience to the estimated
change in the operating characteristic.

That is, in an example for purposes of illustration, thermal/
power manager 116 may determine a ratio of a delta in the
user experience model 112 to a delta in the power model 114.
In this example, thermal/power manager 116 may determine
the operating parameter(s) and adjustment quantities that pro-
duce the relatively smallest ratio.

In some examples, thermal/power manager 116 may be
influenced by context associated with the content being cap-
tured by camera system 106. For example, thermal/power
manager 116 may receive contextual information regarding
the content being captured by camera system 106 from sys-
tem hardware or a combination of hardware and software
104. Example context may include whether there is a face
included in the content, the hue and/or color of the content
(e.g., whether there are at least some skin tones included in the
content), whether the content includes a relatively high
amount of detail, whether the content is moving (e.g., an
amount of motion associated with the content), the brightness
of'the content, a distance between an image sensor of camera
system 106 and the content, or a variety of other context.

Thermal/power manager 116 may select an operating
parameter to adjust (e.g., a framerate, a resolution, or the like)
as well as an amount to adjust the selected operating param-
eter based on the context. As an example merely for purposes
of illustration, assume that thermal/power manager 116
receives a request to reduce power consumption and/or tem-
perature associated with the device. Assume further that ther-
mal/power manager 116 adjusts a frame rate and a resolution
of camera system 106 in order to meet the request. In this
example, if a face is detected in the content, thermal/power
manager 116 may adjust a frame rate of camera system 106
relatively more than a resolution of camera system 106 under
the assumption that capturing the details of the face (such as
an expression) are relatively more important to the user expe-
rience than capturing smooth motion (associated with the
frame rate). Other examples are possible using any combina-
tion of the context noted above.

In some examples, according to aspects of this disclosure,
thermal/power manager 116 may apply a weighting factor to
one or more operating parameters in the user experience
model based on context (e.g., weightings for FPS and reso-
Iution). For example, thermal/power manager 116 may deter-
mine user experience model 112 based on the equations
below:

S=[FPS,resolution,knobl,knob2, . . . knobN}
Ux=UxModel(S)

Ux=WeightedSum(UxModel_1(FPS),UxModel_2
(resolution),

UxModel_3(knobl)...)

where S is a vector of operating parameters, UxX represents a
user experience result, and UxModel represents a user expe-
rience model that is applied to the vector of operating param-
eters S. In addition, Ux is a function of a weighted sum of
operating parameters, each of which includes a weighting
factor associated with their respective user experience models
(UxModel_1, UxModel_2, UxModel_3, and so on).

As noted above, in some examples, camera system 106
may include more than one image sensor and associated
image stream, with separate knobs for each steam. In some
instances, vector S may include knobs for all of the image
streams (e.g., S=[FPS for IS1, resolution for IS1, knob1 for
1S1, knob2 for IS1, . . . knobN for IS1, FPS for IS2, resolution
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for IS2, knob1 for IS2, knob2 for IS2, . . . knobN for IS2]). In
addition, Ux may be a function of a weighted sum of operat-
ing parameters, each of which includes a weighting factor
associate with their respective user experience models (e.g.,
Ux=WeightedSum(UxModel_1(FPS for IS1), UxModel_2
(resolution for IS1), UxModel_3(knobl for IS1) . . .,
UxModel_1(FPS for 1S2), UxModel_2 (resolution for 1S2),
UxModel_3(knobl for IS2) . ..))

Table 2, shown below, illustrates potential weighting fac-
tors for a frame rate operating parameter and a resolution
operating parameter for a variety of contexts:

TABLE 2

Exemplary image context (HW Weighting factor ~Weighting factor

block providing the information) for FPS for resolution
User’s face detected (from face Low High
detection block)

Significant portion of image is Low High

skin

Lots of details (from HPF block) Low High

Lots of motion (from video High Low
encoder)

Low brightness High Low

Close distance - Arm’s length Low High

(from auto-focus)

In the examples above, the weighting factors may be
selected to provide the relatively smallest degradation in user
experience while also maximizing a change in the operating
parameter (and associated power draw). Returning to the
example above in which the context includes detection of a
face, thermal/power manager 116 may adjust a frame rate of
camera system 106 relatively more than a resolution of cam-
era system 106 under the assumption that capturing the
details of the face (such as an expression) are relatively more
important to the user experience than capturing smooth
motion (associated with the frame rate). In this example, as
shown in the example of Table 1 above, thermal/power man-
ager 116 may place a relatively high weight on resolution and
a relatively low weight on the frame rate. Other examples are
possible using any combination of the context noted above.

Accordingly, in operation, system level th